Single ionization of helium by impact of 100 MeV u −1 C 6+ ions is investigated using the three-body classical trajectory Monte Carlo method. Fully differential cross section calculations are compared to recently published data for ionized electrons emitted both in the scattering plane, and in the plane perpendicular to it that contains the initial velocity. The present calculations show good agreement with the experimental data, and improve upon continuum-distortedwave results. The collision mechanisms that lead to the different structures observed in the fully differential cross sections are investigated and include those of the binary and recoil peaks for in-plane collisions as well as the maxima observed in the out-of-plane scattering.
(Some figures in this article are in colour only in the electronic version)
Single ionization produced by collisions with fast C 6+ ions has recently raised considerable interest (Olson and Fiol 2001 , Schulz et al 2001 , Fiol and Olson 2002 , Madison et al 2002 , Schulz et al 2003 . The availability of detailed experimental data allows stringent tests to existing theories. In particular, the 100 MeV u −1 C 6+ + He system provides the opportunity to compare theoretical calculations to the first fully differential heavy particle collision data. Since this system has a perturbation strength (projectile charge to velocity) ratio of only 0.10, it was expected that perturbation-based theories would be able to reproduce the observed spectra. However, this was not the case, with the continuum-distorted-wave (CDW) method being unable to replicate the shape and structure observed in the out-of-plane data (Madison et al 2002 , Schulz et al 2003 . In contrast, early classical trajectory Monte Carlo (CTMC) calculations on the C 6+ + He system showed good agreement with experiment for the outof-plane forward-backward asymmetry, and predicted maxima at 90
• and 270
• (Schulz et al 2001, figure 4) , that are now observed in the reanalysis of the data (Schulz et al 2003) . In this letter, we will first compare CTMC absolute cross sections to the data, and then investigate in detail the dynamics that lead up to the structure observed in both the in-and out-of-plane data.
We have performed CTMC calculations of the triply (fully) differential cross sections (TDCSs) dσ/d E e d e d P for single-ionization C 6+ + He collisions. A full three-body treatment of the collision system is used; all interactions are included throughout the collision. The potential interaction of the target nucleus with both the active electron and projectile is given by a central model potential based on Hartree-Fock calculations (Garvey et al 1975) . The position and momentum distributions of the electron in the initial bound state, obtained by a Wigner distribution, closely resemble the quantum mechanical ones (Hardie and Olson 1983, Wood et al 1997) . The use of a Wigner distribution in quasi-classical calculations has been very successful in the study of electron-atom TDCSs Rost 2001, 2002) .
In order to quantitatively compare to the data, we first use conventional plots of the scattering angle versus the triply differential cross sections for the in-plane and out-of-plane scattering. These plots permit a quantitative comparison of the absolute magnitudes and shapes of the cross sections. Later, three-dimensional plots are displayed so that an overall comparison of the cross sections can be observed. The collision plane is defined by the momentum transfer Q and the direction of the incident projectile velocity v.
The absolute TDCS for ionization of 6.5 eV electrons in the scattering plane is shown on the left-hand side of figure 1. Only those processes where the projectile transfers a momentum Q = 0.75 au are considered. The CTMC cross sections were averaged the same as the experimental data. They are an electron energy bin of E = ±3.5 eV, scattering angle θ e = ±5
• , angular acceptance ϕ e = ±10
• and momentum transfer Q = ±0.25 au. The CTMC TDCSs present the familiar double-lobe structure observed previously for this and other systems (see for instance Ehrhardt et al 1986) . The dominant structure is the binary peak, whose maximum in angle occurs near that of the momentum transfer vector Q; in this case it is essentially 90
• . The binary peak is associated with a two-body projectile-electron collision, with only a minor participation by the recoil nucleus. The second structure, with its maximum located at 180
• with respect to the binary peak, is known as the recoil peak. Overall, the shapes and absolute magnitudes of the CTMC and CDW calculations for the in-plane scattering are in general agreement with experiment. For the binary peak, the CDW almost exactly reproduces the experiment while the CTMC result underestimates the peak magnitude by 26%. For the recoil peak, the CTMC method reproduces the experimental maximum, but not the width. In contrast, the CDW result shows a broad maximum but underestimates the magnitude by approximately a factor of two.
To determine the scattering dynamics that give rise to these maxima for the in-plane TDCS we have followed individual trajectories that satisfy the angular and energy criteria. Figure 2 presents the trajectories of the three particles in a typical collision that contributes to the binary peak (θ e = 90
• ). The plot on the upper left shows a cut of the trajectories in the x-y plane perpendicular to the incident projectile velocity. The origin of time (t = 0) has been chosen as that of closest approach of the projectile to the recoil nucleus; the latter of which is initially located very near the position (0, 0). Collisions that contribute to the binary region are characterized by a projectile-electron interaction that is strong compared to that between the nuclei. For the trajectory shown, the distance of closest approach of the projectile to the electron is r Pe ≈ 0.3 au and that to the recoil ion is r PR ≈ 1.2 au. These are typical distances in all the trajectories investigated that contribute to the binary peak. The trajectory of the ionized electron receives only a minor distortion by its interaction with the recoil ion.
A more detailed picture of the collision mechanisms may be extracted from the momentum space trajectories displayed in the upper right panel of figure 2. The collision takes place in three very distinctive steps: in the initial state the electron and parent nucleus are bound and orbit around their centre of mass. The second stage is governed by the projectile-electron interaction. This interaction produces the sudden shift in the momentum of the electron at t ≈ 0. In the final stage, as the projectile recedes, the electron evolves in its parent nucleus field. In this step, as in the initial state, the electron and recoil motions are essentially decoupled from that of the projectile. The post-collision recoil-electron interaction modifies the momentum of both target fragments. However, the final angle of the electron is not very different from that initially acquired in the original binary projectile-electron collision. The variation in their modulus is only a consequence of energy conservation. During the collision, the distance between electron and recoil is on the order of 1 au. At later time their distance tends to infinity and the potential energy goes to zero; however, this post-collision evolution does not modify the two-body recoil-electron total energy.
Observe that the sudden variation in the momenta of the electron and the recoil ion is not displayed in their positions because the interaction with the projectile takes place over a very short time. As shown in the lower plot of figure 2 the projectile transfers the momentum to the target in a timescale of less than 10 −18 s. Moreover, during this short time the distance of the electron from the highly charged projectile is much smaller than its distance from the target nucleus. Thus, the evolution of the electron is mainly determined by its interaction with the projectile. Figure 3 shows plots of the positions and momenta of the three particles for a typical trajectory that contributes to the recoil peak (θ e = 270
• ). Here, the final transverse momenta of the projectile and ionized electron are in the same direction, in contrast to the back-to-back scattering for binary peak collisions. The upper left plot shows that the electron is accelerated by the projectile into a near head-on collision with the target nucleus. In this second collision, the electron is elastically backscattered. This is clearly displayed by observing the corresponding momentum trajectories on the right-hand side of figure 3. As in the binary peak, the effect of the projectile is to 'kick' the electron from a bound orbit into a positive energy trajectory.
Although the electron's scattering proceeds in two distinct steps, the dynamics are determined by the complete three-body interaction. The projectile-target interaction is not negligible; its inclusion is necessary so that the collision samples the appropriate subset of trajectories leading up to the correct overall momentum transfer Q. As a test, we redid the calculations without the inclusion of the nuclear-nuclear interaction. The magnitude of the recoil peak increased by almost a factor of four since close, small impact parameter, collisions were not precluded from the reaction due to their large momentum transfer between nuclei.
Observe that the momentum-space trajectories (hodographs) resemble circular arcs. For motion in a Coulomb field, the momentum trajectories for both negative and positive energies are exact circles (Sommerfeld 1952) . The distortion from circular arcs observed in the figure comes both from a small component of the motion of the electron in the z-direction, and from the model potential employed. Note that the electron and the recoil evolve by their mutual attraction, ending up in directions very different from those determined by their interaction with the projectile. We must also recall that the probability of 180
• scattering of the electron is significantly enhanced by a partially stripped target nucleus such as He + (Schultz and Olson 1991) . While backscattering by a Coulomb-force centre presents a minimum in the cross section, the screening of the potential can modify the scattering probabilities to favour 180
• dispersion. If unphysical Coulomb interactions were employed in a classical calculation such as this, the TDCS would not exhibit a recoil peak due to the minimum in the electron-recoil ion differential cross section at 180
• . The challenging problem is to provide an explanation of the collision mechanisms responsible for the out-of-plane scattering. The absolute cross sections are presented on the right-hand side of figure 1. As for the in-plane scattering, the CTMC calculations employ the same bins for angles, momenta and energies as used in the analysis of the experimental data. Note that due to symmetry considerations the cross section must be identical for the angles θ e and θ e = 360
• − θ e . First, we observe that the maxima previously predicted by CTMC calculations are clearly evident in the data. Also, the data and CTMC results show a forwardbackward asymmetry of approximately 50%, reflecting the post-collision interaction (PCI) of the ionized electron with the attractive force of the projectile. In contrast, the CDW calculations of Schulz et al (2003) show minima rather than maxima, and have lost the forward-backward PCI asymmetry presented in an earlier publication (Schulz et al 2001) .
Although there is excellent agreement in cross section shape between the data and the present calculations, the absolute magnitude of the CTMC cross section is a factor of two smaller than experiment. The data were normalized to a total cross section value of 1.44 × 10 −17 cm 2 obtained from a first Born calculation (Schulz et al 2003) . However, a recent experiment by Bapat et al (1999) and close coupling calculations (Barna et al 2003) found a significantly lower value, 1 × 10 −17 and 0.97 × 10 −17 cm 2 , respectively. The latter are in significantly better agreement with the present CTMC result of 0.73 × 10 −17 cm 2 . Normalization of the experimental TCDS data to either the experimental or close coupling total cross sections yields a much improved agreement with the absolute values of our CTMC calculations. In fact, not only does the agreement with experiment in the perpendicular plane improve, but the in-plane scattering also improves, with a renormalized binary peak being in almost perfect agreement with the CTMC predictions.
Because of the limited statistics, the angular resolution of the data in the perpendicular plane is a factor of two less than that for the in-plane scattering, and exceeds the angular bin sizes. As a test to see if this could affect the cross section magnitude, we have increased and decreased the angular bins used to analyse the CTMC events by a factor of two. No significant change in the cross section was observed. Thus, we cannot explain the difference of a factor of two in the absolute magnitude. This test also determines whether the maxima are simply due to the finite angular acceptance sampling a portion of the binary and recoil scattering lobes. Since the cross section did not change, it is clear that the latter is not the case.
In order to investigate the collision dynamics that lead to the unexplained out-of-plane maxima, individual trajectories leading up to such events were analysed. A representative trajectory is displayed in figure 4 . As in the other cases, the momentum transferred to the target by the projectile is accomplished in a sub-attosecond (see lower panel of the figure) . However, the slow ionized electron is subjected to the field of the He + nucleus for a much longer time. The effect of the target on the electron is important until they are a distance of about 40 au from one another. At this point, the potential energy has decreased to 10% of the kinetic energy. At an average velocity of about 0.7 au, this corresponds to time duration of t > 60 au ≈ 1.5 fs.
From momentum conservation and the geometry of this collision plane, the magnitude of the momentum of the recoil ion must exceed that of the ionized electron. This is because the recoil ion momentum transverse to Q must be equal and opposite to that of the electron and it must also have a longitudinal component equal to Q. A full three-body description of the scattering must be employed. It is important to note that when the calculation was redone with the nuclear-nuclear interaction turned off, the TDCS became isotropic, with only the forwardbackward PCI induced asymmetry persisting. This is the same result as reported in the paper of Schulz et al (2001) . However, this fact cannot be used to deduce the collision mechanism for the perpendicular plane scattering. The reason is similar to that observed for the recoil peak. With the nuclear-nuclear interaction removed, momentum transfer between the nuclei is precluded, leading to contributions from the unphysical small impact parameter collisions that lead to isotropic scattering. The nuclear-nuclear interaction is essential to eliminate the latter collisions from contributing to the process under study.
In all cases investigated, we could find no trajectories that were due to complicated multiple scattering mechanisms. As shown in the top portion of figure 4 , the projectile interacts with the electron and recoil ion and then the latter two simply evolve via their mutual interaction for a long time after the collision. In many ways, these collisions are very similar to those that give rise to the in-plane recoil peak except that the second electron-recoil ion interaction leads to 90
• rather than 180
• scattering. A natural question to ask is why there are maxima for the out-of-plane scattering at 90
• rather than isotropic scattering. To answer this, one must study the collision dynamics carefully. It is easiest to explain if the projectile interacts with the electron at a large impact parameter so that the projectile recoil ion momentum transfer is minimal. For this case, the projectile transfers the momentum Q to the electron (figure 4, right-hand panel). In the second step, the electron collides elastically with the recoil ion, and scatters to 90
• . During the electron-recoil ion collision, the fast projectile is far removed from the scattering centre and does not influence the dynamics. However, the impact parameter between the electron and recoil ion must be such as to lead to 90
• scattering. Remembering that the initial momentum of the electron is perpendicular to the projectile direction, one can superimpose a 'ring' of electron-recoil ion impact parameters on the surface of a sphere whose radius is the radial expectation value of the He atom. One then finds that the collisions leading to the maxima occur at internuclear impact parameters comparable to the size of the atom, while only smaller impact parameter collisions can lead to the forward-backward scattering.
To test this argument, we have divided the events leading to the cross section for outof-plane scattering into equal numbers for small and large impact parameters. An impact parameter of approximately 0.8 au was appropriate for this division. The small impact parameters displayed isotropic scattering, while the large impact parameter component led to maxima at 90
• that were significantly enhanced from those shown in figure 1 . Thus, the maxima in the out-of-plane scattering are simply due to the geometry of the collision, and not to any complicated multiple-scattering mechanisms. This test also illustrates why the CTMC calculations for the perpendicular plane TDCS are isotropic if the nuclear-nuclear interaction is ignored. An overall depiction of the scattering is presented in the three-dimensional plots shown in figure 5 . Here, the experimental data are compared to CTMC and CDW Olson 2002, 2003) calculations. As shown in figure 1 , the CTMC calculations exhibit a recoil peak that is too narrowly focused compared to experiment. In contrast, the CDW results show an almost circular recoil peak, with a symmetric node in the perpendicular direction. This trend is amplified in the plane perpendicular to the initial velocity vector. Here, both the data and the CTMC calculations display an 'eye' structure near the origin.
In conclusion, we have provided CTMC calculations for the 100 MeV u −1 C 6+ + He singleionization collision conditions appropriate to the fully differential cross sections studied by Schulz et al (2003) . Detailed analyses of the trajectories that lead to the various structures on the cross sections have been discussed. The binary peak is found to be due to the expected single interaction between projectile and electron. The recoil peak and the maxima in the out-ofplane scattering proceed by two steps; first is the projectile-electron interaction, and then, after the primary collision, there is an isolated scattering between the electron and recoil ion. The explanation for the maxima observed in the out-of-plane scattering plane can be resolved using geometric arguments by simply considering the size of the He atom as the release distance in the initial projectile-electron interaction, and the impact parameter between the ionized electron and parent nucleus required to scatter the electron to 90
• in the final step. Our CTMC calculations provide a classical description of the scattering dynamics. The mechanisms discussed may be very different from those gleaned from quantal calculations. However, it is expected that the present CTMC results will provide guidance to the eventual quantum solution of this scattering problem.
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